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ABSTRACT
Surface layer proteins (SLPs) of lactobacillus bacteria have some structural regions responsible for adhesion to the intestinal epithelium. To identify the SLP and the smallest domain within the protein that is responsible for the adhesion of the bacterium to the intestinal epithelium, L. plantarum strain CGMCC1258 was investigated in this study. Using bioinformatics and molecular techniques, we first identified and purified a novel protein, integral membrane protein-2 (IMP-2, 33-45 kDa) responsible for adhesion to gastric mucin. Truncated forms of IMP-2 were then constructed and expressed, and the amino acids from 515 to 575 (designated micro IMP, MIMP) was identified as the smallest domain responsible for adhesion to gastric mucin. Competing assay was performed, which further confirmed the ability of MIMP to compete with enteroinvasive E. coli and enteropathogenic E. coli to adhere to cells of a normal colon cell line, NCM460. Furthermore, MIMP could maturate dendritic cells. These findings set a foundation for further investigation on the role of MIMP in the treatment and prevention of inflammation-related diseases of the intestine.
INTRODUCTION
The population of viable microorganisms in the human gut exceeds the total number of somatic and germ cells in our body (1) . There is growing evidence that those bacterial species closely related and adherent to the mucosa are more relevant to human health than those evacuated in the feces (2) (3) . In healthy individuals, there is a homeostasis between commensal microbiota and pathogenic bacteria in the intestines (4) (5) . Alterations in this homeostatic mechanism will result in an imbalanced ecological microenvironment and subsequent gut-barrier dysfunction (6) (7) . Moreover, the predominance of pathogenic bacteria and/or the excessive production of bacterial products, including endotoxins and antigens, may directly and indirectly initiate and amplify local and systemic inflammatory responses (8) .
It has been established that the symbiotic bacteria of the genus Lactobacillus in the gut play a significant role in maintaining the homeostasis of the gut flora by adhering to and colonizing the intestinal mucosa where they compete with pathogenic bacteria (9) (10) . The interactions between Lactobacillus and the intestinal tract are carried out by adhesion of the bacteria to the epithelium (11) (12) . Furthermore, they also block the adhesion of other pathogenic bacteria, such as enteropathogenic Escherichia coli (EPEC) and enteroinvasive E. coli (EIEC).
Recently, particular attention has been paid to the bacterial surface composition, especially the surface layer proteins (SLPs), in studies investigating adhesion of the Lactobacillus bacteria to the intestinal epithelium (13) (14) (15) . SLPs of Lactobacillus bacteria are ubiquitous cell envelope structures composed of numerous identical protein/glycoprotein subunits (16); SLPs exhibit an intrinsic ability to spontaneously form regular layers either in a solution or on a solid support under certain conditions (17) . A few studies have demonstrated that SLPs play a critical role in the process of adhesion of the bacteria to the intestinal epithelium (14, (18) (19) . However, because SLPs have special hydrophilic and hydrophobic properties, and thus are difficult to purify (20) , only a few studies (14, 19) have explored the role of SLPs in the adhesion process. Therefore, the roles of SLPs in the adhesive process, and in particular the subsequent activities such as potential protecting effect on the intestinal permeability and antiinflammatory effect, remain poorly understood.
Our previous studies demonstrated that L. plantarum was able to prevent EIEC-induced damage to colorectal adenocarcinoma cells, including transepithelial electrical resistance and dextran integrated intensity, as well as changes in the re-expression of tight junction (TJ) proteins, such as claudin-1, occludin, JAM-1 and ZO-1 (21); we also showed that oral L. plantarum treatment was able to restor hepatic barrier function in rats with obstructive jaundice by increasing mRNA and protein levels of TJ proteins (22) and prevents the up-regulation of adhesion molecule expression in IL-10 knock-out mice (23) . Moreover, we noted that enteral feeding of L. plantarum attenuated disease severity and improved intestinal permeability and clinical outcomes in patients with acute pancreatitis (24) . However, the particular bacterial protein and its exact mechanisms of action remain unknown.
Therefore, we carried out this study in an attempt to identify the protein and the smallest active domain within the protein from L. plantarum strain CGMCC1258 that is responsible for the adhesion of the bacterium to the intestinal epithelium. First, the integral membrane protein (IMP, GenBank Identifier 28378881), one kind of SLP in the L. plantarum strain was identified as having the ability to adhere to gastric mucin. Furthermore, the smallest functional domain within IMP, named micro IMP (MIMP), was identified and purified.
MATERIALS AND METHODS
Protein expression system and reagents
The bacterial strains and plasmids used in this study and their sources are listed in Table 1 Table 2 . DNA sequencing kit for BigDye Terminator cycle sequencing was from Applied Biosystems (Foster City, CA, USA) and the QIAquick PCR purification kit was from Qiagen (Hamburg, Germany).
Culture of L. plantarum and isolation of SLPs
L. plantarum CGMCC1258 was inoculated in fresh 5% MRS broth at 37°C for 24-h. The bacterial culture was centrifuged (×3 500g) at 4°C for 20 min, and then the supernatant was discarded. 2M guanidine-HCl (SigmaAldrich) was added to the solution and incubated for 3-h. The suspension was centrifuged (×6000g) at 4°C for 20 min. The supernatant was dialyzed in 0.01M phosphate buffered saline (PBS, pH 7.4) overnight and then centrifuged (×40000 g) at 4°C for 60 min, after which the supernatant was removed. The pellet was dissolved in 100 µL 0.01M PBS, incubated at 70°C for 30 min and centrifuged (×16000g) at 4°C for 20 min. The supernatant was used for the preliminary screening of SLP adhering to gastric mucin by SDS-PAGE and Western blotting.
Labeling of porcine gastric mucin with HRP
Partially purified mucin from porcine stomach was labeled with HRP as described previously (25) . Briefly, 8 mg HRP was dissolved in 2 mL distilled water and then 400 µL of freshly prepared sodium periodate (0.1M) was added. The mixture was stirred gently for 20 min at room temperature and then dialyzed overnight at 4°C against 0.001M acetate buffer (pH 4.4). Sodium carbonate buffer (0.1M, pH 9.5; 20 µL) was added to raise the pH to 9.0-9.5, and 1 mL of treated HRP was immediately mixed with 1 mL of gastric mucin (4 mg/mL in sodium carbonate buffer).
The mixture was held at room temperature for 2-h with occasional stirring. After 100 µL freshly prepared sodium borohydride solution (4 mg/mL) was added to reduce any free enzyme, the mixture was dialyzed against borate buffer (0.1 M, pH 7.4). Finally, the labeled gastric mucin was mixed with equal volumes of 80% glycerol and stored at -20°C until use (19).
Identification and verification of proteins and peptides responsible for adhesion to the gastric mucin 3.4.1. Preliminary screening of SLP(s) adhering to gastric mucin by SDS-PAGE and Western blotting
SDS-PAGE was performed with a discontinuous gradient 5% (w/v) stacking gel and a 10% (w/v) separating gel in a Miniprotean II apparatus (Bio-Rad Laboratories, Hercules, CA, USA). The supernatant of L. plantarum was mixed with loading buffer containing SDS and betamercaptoethanol, boiled for 3 min, centrifuged, and loaded onto the SDS-PAGE gels for separation. Gels were stained with Coomassie brilliant blue R-250, and the molecular weight of the SLP was determined by comparing its electrophoresis mobility with marker proteins. For Western blotting, the gels were transferred to a PVDF membrane in a semidry electroblotter (Bio-Rad Laboratories) for 120 min at 100 V. The membrane was washed three times (20 min each) with PBS containing 0.1% Tween-20 (PBS-T buffer), and then treated with HRP-labeled gastric mucin (diluted 1:600, about 0.035 µmol/L) in PBS-T buffer for 4 hr at 4°C. The membrane was washed three times (60 min each time) with PBS-T buffer. The SLP was tested by ECL kit (Pierce, Rockford, IL, USA) according to manufacturer's instructions.
Detection of the protein adhering to the gastric mucin by liquid chromatography coupled to tandem mass spectrometry (LC-MS/MS)
The target protein bands were excised from the SDS-PAGE gel and analyzed by LC-MS/MS. The MS result was initially analyzed with the SEQUEST software (Thermo Fisher Scientific, San Jose, CA, USA), and then 3.5. Identification of the protein adhering to gastric mucin by cloning and expression of genes encoding the putative target proteins 3.5.1. Cloning of genes encoding the potential target proteins in E coli LC-MS/MS indicated that the target protein could be the GTP-binding protein TypA, pyruvate oxidase, cell division initiation protein FtsQ or integral membrane protein. Therefore, the corresponding genes encoding these putative proteins were selected for cloning and expression. IMP (containing 1022 amino acids), which has a transmembrane region according to the TMHMM software from ExPASy (http://cn.expasy.org/), was fractionally expressed as three sections, namely, IMP-1 (i.e. IMP1-454), IMP-2 (i.e. IMP455-755) and IMP-3 (i.e. IMP756-1022).
Briefly, the genomic DNA of L. plantarum CGMCC1258 was isolated by using QIAmp DNA Mini kit (QIAGEN Ltd., Crawley, United Kingdom). The primers were designed based on the DNA sequences of the genes in GenBank (Table 2) to amplify the target genes. PCR was carried out in a total volume in 100 µL containing 5 µL genomic DNA, 20pmol of each primer, 20µmol dNTPs, 1 × Pyrococcus furiosus (pfu) reaction buffer and 5U pfu DNA polymerase. PCR was performed under the following conditions: the genomic DNA was denatured at 94°C for 3 min followed by 30 amplification cycles (94°C for 30 s, 56°C for 30 s, and 72°C for 2 min) and followed by a final extension at 72°C for 15 min. The PCR products were identified by 3% agarose gel electrophoresis.
The PCR products were recovered with DNA Gel Extraction Kit (Axygen Biosciences, Union City, CA, USA). After digestion with BglII and XhoI, the PCR products were inserted into linearized pET32 and ligated by T4 DNA ligase to construct a prokaryotic recombinant expression plasmid. The plasmid containing the target gene was transfected into competent E. coli DH10B. The entire transformation mixture was plated on culture plates and further screened in the Terrific Broth (TB) medium. The recombinant plasmids of positive clones were extracted by the kits for rapid extraction of plasmid DNA (Promega, Madison, WI, USA), screened by PCR and then sequenced. The sequencing results were compared with the online program BLAST (Table 3) .
Expression of pET32-target genes in E. coli and purification of the expressed proteins
The recombinant plasmids containing different genes were extracted from E. coli DH10B and transfected in competent E. coli BL21 (DE3), according to the pET System Manual (Novagen). Briefly, the colonies were inoculated into TB medium containing 100 µg/mL ampicillin and 25 µg /mL kanamycin at 37°C with shaking (200 rpm). IPTG was added (final concentration: 1mM) into the medium after the optical density (OD) value at 600 nm reached approximately 0.6, and then the bacterial cells were incubated at 37°C for 3-h to induce the expression of the recombinant protein. After induction, the bacterial cells were harvested by centrifugation (×800 g) for 5 min and sonicated on ice. The supernatant and pellet were then separated by centrifugation (×800 g for 5 min). The 
Confirmation of the ability of the target protein to adhere to the gastric mucin
The purified expressed proteins prepared above were loaded and run on paired 10% SDS-PAGE gels, as described above. One gel for each protein was stained with Coomassie brilliant blue and the other was transferred to a PVDF membrane in a semi-dry electroblotter. The membrane was treated with HRP-labeled gastric mucin and tested by ECL to identify the target protein, as described above.
Identification of the smallest domain within IMP-2 responsible for adhesion to the intestinal epithelium
Since IMP-2, known as IMP455-755, was identified as the protein responsible for adhesion to the gastric mucin by the above described methods, we carried out further experiments to identify the domain within IMP-2 that is responsible for its adhesion property.
Primary amino acid sequence analysis of IMP-2 with BLASTP was carried out to predict the domain responsible for its adhesion property. We attempted to search for the domain within IMP-2 responsible for its adhesion property by comparing the primary amino acid sequence of IMP-2 with those of other proteins with the similar structure. Amino acid sequence of IMP-2 was searched by using BLASTP with default parameters against NCBI non-redundant database (http://blast.ncbi.nlm.nih.gov/Blast.cgi?CMD=Web&PA GE_TYPE=BlastDocs&DOC_TYPE=Download). Then, a homology search for other proteins with the similar structure in the UniProt database was carried out by using BLASTP, and these proteins were selected for comparison in the primary amino acid sequences between IMP-2 and these proteins. Predicted isoelectric points of all proteins were obtained by ProtParam (http://www.expasy.ch/tools/protparam.html). Multiple Sequence Alignment analyses were performed by ClustalW using Gonnet as a comparison matrix (gap open penalty, 10; gap extension penalty, 0.2). The hydrophobicity was calculated according to Kyte and Doolittle with a window of seven amino acids.
Construction of plasmid vectors
The genomic DNA of L. plantarum CGMCC1258 was isolated as described above. The gene encoding IMP-2 was amplified by PCR from the genomic DNA using the corresponding primer pairs ( Table 2 ). The resulting PCR product was inserted into pET32, generating the plasmid PATRI455-755 encoding IMP-2 with a Nterminal His-tag (Table 1) .
Three C-terminal truncations and three Nterminal truncations of IMP-2 were further constructed, each with a His-tag sequence at the N-terminus. The plasmid constructs are summarized in Table 1 .
For cloning the three C-terminal truncations, primer pairs for IMP455-575 (encoding IMP455-575 domain), IMP455-635 (encoding IMP455-635 domain) and IMP455-695 (encoding IMP455-695 domain) ( Table 2) were used for PCR amplification, with plasmid PATRI455-755 DNA as a template. The PCR products were then inserted into pET32. The resulting plasmids were named as PATRI455-575, PATRI455-635 and PATRI455-695 (Table 1) .
Cloning of the three N-terminal truncations of IMP-2 was carried out with primer pairs for IMP635-755 (encoding IMP635-755 domain), IMP575-755 (encoding IMP575-755 domain) and IMP515-755 (encoding IMP515-755 domain) ( Table 2 ) with PATRI455-755 DNA as a template. The resulting PCR products were inserted into pET32, generating plasmids, PATRI635-755, PATRI575-755 and PATRI515-755 (Table 1) .
Expression and purification of the mature IMP-2 and its truncated forms encoded by the plasmids
Gene expression was carried out in E. coli DH10B transfected with each of the above seven recombinant plasmids, according to the pET System Manual (Novagen) and as described above. Briefly, IPTG at a concentration of 0.1 mM was added to the culture medium of competent E. coli (i.e. OD600 value of approximately 0.6) transfected with each of the seven expression plasmids. Incubation was continued for 3-5 h, depending on the protein to be expressed and purified. Thereafter, the recombinant mature IMP-2 and its truncated forms were purified with high performance liquid chromatography (HPLC) by passing through a porcine stomach mucin (PSM)-Sepharose 4B column which was equilibrated with 10 mM Tris-HCl, pH 8 containing 1 mM MgCl 2 , 1 mM CaCl 2 , and 0.02% (w/v) NaN 3 . Unbound proteins were eluted and the adhesive protein was desorbed with 20 mM 1, 3-diaminopropane. The final fraction represented the purified adhesive protein (29).
Identification of the ability of recombinant IMP-2 forms to adhere to the gastric mucin by Western blotting with ECL
After purification, the fractions containing recombinant mature IMP-2 or each of its truncated forms were dialyzed overnight at 4°C against distilled water. Adherence of recombinant mature IMP-2 and its truncated forms was verified by 10% SDS-PAGE and Western blotting, as described above.
Expression and purification of MIMP
From the above experiments, the peptide IMP515-575 was identified as the smallest domain (i.e. micro IMP, or MIMP) that was responsible for adhesion to the gastric mucin. Therefore, the above techniques were used to construct the plasmid pET32 (Tag-linker-IMP515-575), to clone the gene encoding MIMP, and to express and purify MIMP. The purified recombinant MIMP was used for further characterization.
Preparation of polyclonal anti-MIMP antibodies and identification by Western blotting with ECL and enzyme-linked immunosorbent assay
The purified recombinant MIMP was used to immunize a rabbit (New Zealand white, adult, male Oryctolagus cuniculus) to generate the serum containing polyclonal antibodies against MIMP. Briefly, 0.3 ml (2 g/L) of the purified protein emulsified in complete Freud's adjuvant was injected intraperitoneally at multiple points on the back and groin (200 µg each point) for the first immunization, and half the dose in incomplete Freud's adjuvant was used for the booster immunization after two weeks, and repeated two more times. Fourteen days after the last booster, serum was collected and purified by affinity chromatography on 1 ml MIMP-Sepharose 4B column and stored at -20°C until use.
The polyclonal anti-MIMP antibodies were identified by Western blotting and enzyme-linked immunosorbent assay (ELISA). For Western blotting, 1, 10 and 100 pg of purified MIMP (2 µL) were mixed with 8 µL loading buffer (5×) and electrophoresed on a 10% SDS PAGE gel as described above. Gels were transferred to a PVDF membrane, which was then treated with polyclonal anti-MIMP antibodies (diluted 1:10000) and subsequently with HRP-conjugated goat anti-rabbit IgG antibody. The target protein was tested by using ECL according to the manufacturer's instructions. For ELISA identification, each of the wells of a polystyrene plate was coated with 100 µL (1 mg/L) purified MIMP overnight at 4°C. The plate was washed three times with PBS-T buffer, and blocked with 5% dry milk in PBS at a volume of 200 µL/well. Then, 100 µL different concentrations of diluted polyclonal anti-MIMP antibodies (Table 4) were added to designated wells; serum with IgG used at the identical concentration from a normal rabbit was used as a negative control. Each concentration was set up in duplicate, as well as the negative control group (37°C, 3-h incubation). After washing three times with PBS-T buffer, 100 µL HRPconjugated anti-rabbit IgG antibody (diluted 1:5000 in PBS containing 1g/L BSA) was added. The plate was then washed three times with PBS-T buffer. Each well was spiked with 50 µL of o-phenylenediamine colored solution (Sigma-Aldrich) in dark for 10-15 min at room temperature, and then the reaction was stopped with 25 µL (2mol/L) ammonium sulfate. The OD value was determined by an ELISA reader (Bio-Tek Instruments, Inc., Winooski, Vt., USA) at 490nm. 3.5.10 Detection of IMP isolated and purified from L. plantarum by polyclonal anti-MIMP antibodies To further confirm whether MIMP is the domain protein of IMP of L. plantarum, IMP isolated and purified directly from L. plantarum using HPLC as described above. Then, purified IMP was subjected to SDS-PAGE, and then identified by Western blotting as described above. The polyclonal anti-MIMP antibodies (diluted 1:600 in PBS-T buffer) were used as the primary antibodies, and HRPconjugated anti-rabbit IgG antibody as the secondary antibody.
Confirmation of the ability of the purified MIMP to competitively adhere to intestinal epithelial cells
NCM460 cells grown on M3 base at 37 o C in a 95% humid atmosphere, with 5% CO 2 for 72-h were washed three times in Hank's balanced solution (Life Technologies, San Diego, CA, USA) to remove the antibiotic medium. Then, the cells were cultured as monolayers (~1×10 7 for each monolayer) at 37 o C in a 95% humid atmosphere, with 5% CO 2 and divided into 10 different triplicate experimental groups (Table 5 ). In EIEC and EPEC groups, 100 µL EIEC ATCC43893 (O124:NM) and EPEC ATCC43887 (O111:NM) of logarithmic growth phase 1.0×10 8 /mL were, respectively, added to the apical side of the cell culture insert for rapid infection of the monolayer for 3 hr of incubation, with an inoculation ratio of EIEC/EPEC to NCM460 cells of 100:1. The insert was placed in a 50-mL tube and centrifuged (×200 g for 4 min). In L. plantarum and MIMP groups, L. plantarum (100 µL of 1.0×10 8 /mL) and MIMP (100 µL of 0.1ng/mL) purified from the whole cell proteins of transfected E. coli were, respectively, added onto the monolayer of NCM460 cells simultaneously with EIEC/EPEC infection. In antibody groups, NCM460 cells were preincubated with the serum containing polyclonal anti-MIMP antibodies (100 µL of dilution 1:5000) prepared as described above, prior to infection with EIEC or EPEC which was simultaneously incubated with MIMP. NCM460 cells cultured under the same conditions but without pre-incubation with the serum, infection of EIEC/EPEC and addition of L. plantarum or MIMP served as the control group.
After incubation of NCM460 cells for 24-h and trypsinization, the numbers of adhered bacteria and NCM460 cells were counted as colony forming units (CFU) by plating diluted bacterial suspensions on MRS or blood agar plates. NCM460 cells were counted by a Sysmex SE900 automatic cell counter (Toa Medical Electronics, Kobe, Japan). Adhesive rate %=(the number of bacteria adhering to the cells /the overall number of bacteria included) ×100%.
Flow cytometry for determining dendritic cell (DC) maturation
iDCs were obtained from the buffy coats of healthy donors, as described elsewhere (30) . Briefly, human peripheral blood mononuclear cells were isolated by a Ficoll gradient. Monocytes were isolated by CD14 magnetic microbeads (MACS; Miltenyi Biotec, CA, USA) and differentiated into iDCs in the presence of IL-4 and human GM-CSF (500 and 800 U/mL, respectively). Then, iDCs were sub-cultured in Iscove's Modified Dulbecco's Medium, supplemented with 10% FBS, 500 U/mL IL-4, and 800 U/mL GM-CSF. In the experiments, AZN-D1, a neutralizing antibody against DC-SIGN, Ca 2+ chelator EDTA, and polyclonal antibodies against MIMP were used in different groups where appropriate.
To determine the degree of maturation of DCs after exposure to L. plantarum or MIMP, expression of cell surface markers (including CD80, CD86 and MHC-II) were measured. Briefly, iDCs were cultured with L. plantarum (10 to 1,000 cfu per iDC) or MIMP (0.01 to 1 µg/ml) with or without AZN-D1 (20 µg/mL) or EDTA (10mM) at 37°C for 45 min, harvested, washed with PBS, stained with antibodies against CD80, CD86 or MHC-II at 4 °C for 1 h, and analyzed by FACS flow cytometry.
Statistical analysis
The results have been expressed as mean wtih standard deviation (SD). Statistical analyses were performed by using SPSS 11.0 systems (SPSS Inc. Chicago, IL, USA). Data were analyzed by one-way ANOVA on condition of homogeneity of variance and normal distribution of the variables. Dunnett-t test was used to carry out multiple comparison of experimental and control groups. A P value of <0.05 was considered to be statistically significant.
RESULTS
Identification of IMP-2 4.1.1. Detection of the SLP of L. plantarum adhering to the gastric mucin
SLPs were isolated using guanidine hydrochloride and ultracentrifugation; protein fractions were separated and detected by sodium dodecyl sulfate polyacrylamide gel electrophoresis (SDS-PAGE) and Western blotting, as described above. There were several bands of interest with molecular weights of 100-130 kDa, 55 kDa and 26-33 kDa on the SDS-PAGE gel ( Figure. 1 ). The band with a molecular weight of 100-130 kDa was the most strongly reacting single band as detected by Western blotting with the HRP labeled mucin.
Assumption of the potential target proteins by LC-MS/MS and data analysis. The three bands of 100-130 kDa, 55 kDa and 26-33 kDa from L. plantarum CGMCC 1258 were all excised from the gel and subjected to LC-MS/MS, followed by analysis using SEQUEST, Transproteomics Pipeline and FASTA, as described in the Methods ProteinProphet algorithm (27) (Figures 2A-2C ). Four proteins, pyruvate oxidase (PO), cell division initiation protein FtsQ (CD), GTP-binding protein TypA (GBA), and IMP were predicted to be the putative target protein (Table 3) , as the coincidence rate was more than 90% for each to the L. plantarum WCFS1 protein pool.
Cloning, expression and purification of the potential target proteins in E. coli
The target genes encoding the putative target proteins (i.e GBA, PO, CD and IMP) were amplified by polymerase chain reaction (PCR) from DNA of L. plantarum CGMCC1258. After electrophoresis, the PCR products revealed several bands ranging from 500 bp to over 1500 bp as detected on 3% agarose gel ( Figure.  3A) . The bands were extracted and ligated into the PET32B vector. The resultant plasmids were transfected into competent E. coli DH10B. DNA sequencing verified that the amplified genes from L. plantarum CGMCC1258 were the same as those of the L. plantarum WSFC1 when compared to GenBank entries.
Then, the plasmids containing the desired genes were transfected into E. coli BL21 (DE3). After 3-h incubation with IPTG, the cells were sonicated, and the target proteins were extracted and purified using His-tag purification beads, as described in the Methods section. The eluted fractions were separated on 10% SDS-PAGE, and the protein adhering to the gastric mucin was detected by Western blotting using HRPlabeled mucin for blotting ( Figures. 3B and 3C ). Target proteins accounted for more than 90% of the total proteins prepared from the bacteria, with a concentration of 500 µg/mL. However, only IMP-2 exhibited a strong mucin-binding reaction, generating a band at 20-30 kDa by Western blotting, which indicated that IMP-2 was the adhesive protein. 
Identification of MIMP 4.2.1. Primary amino acid sequence analysis of IMP-2
The amino acid sequence encoding the mature IMP-2 was subjected to a number of analyses. IMP455-755 was searched using BLASTP with default parameters against NCBI non-redundant database. A conserved domain, which was described as PF09586 in a bacterial membrane protein Yfh0, was found in the 1-217 (IMP455-672) region. By searching the NCBI Conserved Domains Database, 1710 proteins (six proteins with score>200) were found to be similar to PF09586. The gi|254557086 protein of L. plantarum JDM1 and the gi|227896284 protein of L. plantarum subsp. ATCC 14917 were selected after searching GenBank by annotation keywords with limitation in L. plantarum. In a homology search in the UniProt database by using BLASTP, four new proteins with similar structure to IMP, B2G7B3, B3XQC4, B2GCS0, and A9UJX3, were identified. Regions corresponding to the Yfh0 domain within these sequences were extracted, respectively, according to the alignment of PFAM family (http://pfam.sanger.ac.uk/). Predicted isoelectric points (PI) of these proteins are shown in Table 6 . Multiple Sequence Alignment analyses indicated that IMP510-688 (55-133) may include the domain of interest ( Figure 4A ). The hydrophobicity of IMP455-755 was calculated and is shown in Figure 4B . There was a similar distribution of hydrophilic and hydrophobic amino acid residues, with the hydrophobic and hydrophilic residues of the mature protein evenly alternating as exemplified by the hydrophobicity plot.
Cloning and expression of gene sequences encoding the mature or truncated forms of IMP-2 and purification of the recombinant proteins
PCR products encoding the mature IMP-2 and the six N-or C-terminal IMP-2 truncated forms were successfully cloned in E. coli DH10B and expressed in E. coli BL21 (DE3) ( Figure 5A ).
Identification of the ability of recombinant IMP forms to adhere to the gastric mucin by SDS-PAGE and Western blotting with enhanced chemiluminescence (ECL).
On SDS-PAGE gels stained with Coomassie blue, each of the recombinant proteins was shown as a single distinct band, with a molecular weight corresponding to the calculated value ( Figure 5) . As a preliminary test for the adhesive property of the recombinant truncated IMP forms, proteins separated by SDS-PAGE were examined by western blotting with ECL ( Figure 5 C) . The C-terminal truncated forms, IMP455-575, IMP455-635, and IMP455-695 and the N-terminal truncated form, IMP515-755, adhered to the gastric mucin and chemiluminesced efficiently, while the N-terminal truncated forms, IMP635-755 and IMP575-755 exhibited no adhesion ability. In addition, Western blotting showed adhesion only for the residues IMP515-575 (Figures 5 A&C) . Since the truncated proteins containing residues IMP515-575 from IMP-2 exhibited the ability to adhere to the gastric mucin, and the ability was absent in those forms without these residues, IMP515-575 was determined to be the smallest domain essential for the ability of IMP to adhere to the gastric mucin, and defined as the micro integral membrane protein (MIMP). Also, this domain was encompassed within the larger IMP510-688 indicated by the Multiple Sequence Alignment analyses.
Recognition of polyclonal anti-MIMP antibodies with the recombinant MIMP
The specificity of the polyclonal anti-MIMP antibodies was determined by Western blotting and ELISA. Western blotting showed that the polyclonal antibodies obtained from immunizing the New Zealand rabbit with recombinant MIMP specifically reacted with the purified MIMP from E. coli, even when the concentration of MIMP was as low as 1 pg (Figure 6 ). ELISA results also showed that the polyclonal antibodies reacted to MIMP (1 mg/L) ( Table 4 ).
Detection of IMP isolated and purified from L. plantarum with anti-MIMP polyclonal antibodies
IMP was detected by polyclonal anti-MIMP antibodies, and the positive band corresponded to 100-130 kD (Figure 7 ).
MIMP competitively adheres with EIEC/EPEC to NCM460 cells
Adhesion rates of EIEC ATCC43893 (O124:NM) to NCM460 cells ranged between 15% and 28%, while adhesive rates of EPEC ATCC43887 (O111:NM) to NCM460 cells ranged between 20% and 45% ( Figure 8 ). The adhesion rates decreased significantly following co-culture with L. plantatum or purified MIMP, compared with those in the EIEC/EPEC group (all P<0.001). However, the inhibitory effect of MIMP was inhibited by pre-incubation with the anti-MIMP polyclonal antibodies to MIMP (all P<0.001, Figures. 8A&B) . 
MIMP adheres to and maturates iDCs as detected by flow cytometry
L. plantarum and MIMP modulated the iDC phenotype by up-regulating MHC-II and activating the expression of the costimulatory molecules CD80 and CD86 at all examined ratios, from 10 to 1,000 cfu of L. plantarum per iDC and 0.01 µg/ml to 1 µg/ml of MIMP (Figure 9 ).
DISCUSSION
In the study, we first identified IMP-2 as the SLP peptide of L. plantarum CGMCC 1258 that was responsible for adhesion to gastric mucin. Moreover, we characterized MIMP (i.e. IMP515-575) as the smallest domain within IMP-2 that possesses the ability to adhere to the gastric mucin and competitively adhere to intestinal epithelial cells. We believe that these findings are significant to both biotechnical and clinical fields.
In the present study, we first applied molecular techniques, including SDS-PAGE, Western blotting and cloning to identify IMP-2 as the protein responsible for the adhesion ability of L. plantarum. These findings demonstrated that the combination of modern bioinformatics and established molecular techniques is a powerful tool for the identification and purification of targeted proteins with specific biological functions.
In the present study, MIMP was first generated in and purified from E. coli by using genetic engineering techniques. IMP was, then, able to be purified directly from the L. plantatum strain, which was recognized by the polyclonal anti-MIMP antibodies, and could be used to produce MIMP by an appropriate prolease enzyme. These findings demonstrated that MIMP can be produced by the two approaches as describe above. In addition, the present study revealed the antigenicity of MIMP, at least, in rabbits.
In the present study, we applied a novel approach based on modern bioinformatics and biotechniques to identify the particular SLP of L. plantarum responsible for its adhesion property and the exact functional domain of the protein. First, we used LC-MS/MS to detect a pool of possible L. plantarum SLPs adhering to gastric mucin, which narrowed the number of possible adhesive proteins from 83 to 5; IMP (the only membrane protein) was indicated as the adhesive protein among the candidate population. Western blotting verified that IMP-2, the medium section of IMP, exhibited a distinct and strong reaction with the gastric mucin, generating a band at 20-30 kDa. Primary amino acid sequence analysis of IMP-2 with BLASTP was performed to predict the smallest domain responsible for its adhesion property. IMP455-672 was predicted by BLASTP as the possible domain for adhesion. Accordingly, gene sequences encoding the mature or truncated forms of IMP-2 were successfully cloned and expressed. IMP515-575, i.e. MIMP, was identified as the active domain. Our experience clearly demonstrates that bioinformatics plays at least two important roles in hypothesis-driven research: one is to predict the interesting protein and the functional domain for further experimental identification, while the other is to verify our experimental data in turn. For the domain detection, we used the bioinformatics approach to analyze the primary amino acid sequence; however, we found the predicted domain IMP510-688 was too large. Therefore, we further constructed six N-or C-terminal IMP-2 truncated forms to , Hydrophobicity of IMP455-755 is calculated according to Kyte and Doolittle with a window of seven amino acids, which shows a similar distribution of hydrophilic and hydrophobic amino acid residues along the mature proteins with evenly alternating hydrophobic and hydrophilic residues, as exemplified by the hydrophobicity plot.
specifically identify the domain; using a comparison of gels stained with Coomassie brilliant blue and banding patterns detected on PVDF membrane Western blots, the domain protein MIMP was identified.
In the process of protein cloning and expression, we used pET16b to add cutting sites for the BglII and XhoI restriction endonucleases near multiple cloning sites as the cross-reference. We attained protein expression up to 90% Molecular identification of the domain within the integral membrane protein of Lactobacillus plantarum responsible for adhering to gastric mucin (500 µg/ml). Furthermore, we chose to add a tag of 198 amino acids (Table 1) for cloning to enhance the expression level of truncated proteins (less than 200 amino acids). The protein expression of up to 500 µg/ml was achieved in both situations with this strategy.
L. plantarum exhibits its therapeutic effects, mainly, by preventing and ameliorating the pathogeninduced disruption of the TJ structure and redistribution of TJ proteins (31) (32) . In the present study, we further observed that MIMP, like L. plantarum, was able to antagonize the adhesion of EIEC and EPEC as they adhere to NCM460 colonic cells. Thus, we postulated that L. plantarum may exert its protective effects through MIMP. In other words, MIMP may possess most (if not all) therapeutic activities of L. plantarum CGMCC1258, including maintaining intestinal epithelial barrier function and resolving intestinal inflammation by attenuating pathogen-induced decreased TER, improving the altered TJ structure, inhibiting the increased intestinal permeability, and decreasing the production of pro-inflammatory cytokines. In fact, we have investigated these activities of MIMP in a parallel study functionally characterizing MIMP.
It was noted that, like other SLPs (15, (33) (34) (35) , the antagonizing effect of MIMP on the adhesion of EIEC/EPEC to NCM460 cells was suppressed by the pretreatment of polyclonal antibodies against MIMP prepared in the rabbit. Thus, one may raise some critical concerns, i.e. whether the anti-MIMP antibodies are also produced in humans, whether MIMP also produces systemic effects and, if both answers are yes, whether the anti-MIMP antibodies would compromise the systemic effects of MIMP in humans. However, we believe that this is unlikely because MIMP exhibits its therapeutic effects mainly through local adhesion and interaction with the intestinal epithelial cells, and subsequent regulation in the intestinal permeability, immune response and inflammation. In addition, even if MIMP were translocated into the blood, anti-MIMP antibodies would neutralize it and thus minimize any potential adverse effects. Further studies are required to clarify this issue.
The findings obtained from the present study outline a very important approach, by identifying the adhesion domain in SLP of L. plantarum, to further broadening and extending our current understanding of L. plantarum and its therapeutic effects on the cellular and molecular mechanisms of intestinal barrier dysfunction and intestinal inflammation. Taken together with our functional study, our findings may lead to changes in the pharmacological application of L. plantarum and, most importantly, to the understanding of some intestinal diseases, such as inflammatory bowel disease. Nevertheless, further studies are required to confirm the mechanisms of action of MIMP and its short-and longterm clinical efficacy and safety.
In conclusion, we identified MIMP, i.e. IMP515-575, as the adhesion domain of the SLP of L. plantarum. The present study provides a foundation for our parallel study that determines its functions, along with L. plantarum CGMCC1258, as well as any future studies on MIMP focused on its mechanisms of action, clinical efficacy and safety.
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